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ABSTRACT: This study addresses the distributed Fault Estimation control problem for linear multi-
agent systems with an event-triggered communication mechanism. In multi-agent systems, a substantial 
challenge is to find out the size and shape of the occurred faults and how to reduce the wastage of 
communication bandwidth and unnecessary executions. In order to address these concerns, we proposed 
a distributed Fault Estimation observer, where each agent employs an augmented system based on a 
predefined communication graph, and with consideration of its neighbors, to estimate the fault and 
states both in itself as well as its neighbors, simultaneously. In addition, an event-triggering scheme was 
implemented in this approach in order to effectively reduce unnecessary signal transmission between the 
agents and attain a reasonable allocation of resources. Sufficient conditions are presented to guarantee 
that the closed-loop system is asymptotically stable with prescribed disturbance attenuation, and the 
parameter matrices of the event-triggered mechanism and observer can be obtained simultaneously 
by solving a set of Linear Matrix Inequities (LMIs). Eventually, some simulations are included to 
demonstrate the performance of the introduced Fault Estimation and effectively of the event-triggered 
mechanism.
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1- Introduction
In the past few decades, there have been significant prog-

ress in information technology, task scales, and distributed 
actuator networked systems. All these improvements have led 
to multi-agent systems receiving a surge of attention, due to 
their wide potential applications in many domains, includ-
ing multi-robots for water distribution systems [1], Kalman 
filter [2], unmanned aerial vehicles [3], formation and flight 
control systems [4, 5], etc. A comprehensive review of the 
most recent advances in multi-agent systems and their appli-
cations are provided in [6, 7]. A major challenge in such sys-
tems is to design the controller so that the reliability and the 
sustainability of the system are maintained. Due to informa-
tion interconnection between agents through communication 
networks, large-scale systems are exceedingly vulnerable to 
losing their performance. For instance, when the fault occurs 
in one of these agents, the fault information first propagates 
to its neighbors and then throughout the system, and finally 
the system performance and reliability would be destroyed [8, 
9]. Faults are inevitable because physical events or occurring 
failures may always happen in some sensors. Therefore, it is 
necessary for the controller in a multi-agent system to be able 
to monitor the system behavior at any time to find out the 
location and the occurrence of the fault. 

By taking a closer look at the literature, it can be found 
that the most relevant works, with regard to the problem of 

occurring fault, focus on the centralized structures whilst 
these structures are not suitable for employment in networked 
systems. Fault diagnosis schemes contain three main topics: 
fault isolation, fault detection, and Fault Estimation [10-12]. 
In the case of designing the fault diagnosis schemes for multi-
agent systems, fruitful outcomes were achieved over the re-
cent years [13-15]. The main aim of the fault detection and 
isolation approaches lies in determining whether or not a fault 
has occurred, and finding in which component a fault has oc-
curred [16]. The main aim of the Fault Estimation problem is 
to acquire accurate information about the size and the shape 
of the occurred faults in the system. However, the difficulties 
of the Fault Estimation method are appreciably more than the 
fault detection and isolation methods.

Recently, efficient approaches for Fault Estimation prob-
lems were devoted to multi-agent systems [17-20]. For in-
stance, the authors in [21] proposed a distributed Fault 
Estimation approach for linear multi-agent systems with 
switching communication topologies. In [22], a distributed 
Fault Estimation approach was provided for linear multi-
agent systems, where the constructed observer on each agent 
could estimate the occurred faults of the entire network. 
When the fault information was obtained in the system, a 
controller could compensate the destructive effects of the 
fault using this information. The efficient approaches for the 
distributed Fault Estimation and accommodation problem for 
multi-agent systems were proposed in the literature [23-25]. 
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The authors of [23] proposed a method to consider Fault Es-
timation and fault-tolerant control for a class of nonlinear 
multi-agent systems. In [25], a Fault Estimation (FE) and ac-
commodation approach were provided for general intercon-
nected systems with both nonlinear and linear dynamics. The 
mentioned works have some design difficulties and specific 
applications; thus, the issues of FE in multi-agent systems is 
needed to be more investigated.

It is worth noting that it is necessary in multi-agent sys-
tems that each agent continuously communicates and ex-
changes information (sensor reading and sending to its 
neighbors or its observer) with other agents. However, com-
munication resources like bandwidth or capacity are often 
limited in reality. In regards to this challenge, different event-
triggered scheduling mechanisms were introduced in the lit-
erature in order to reduce the number of signals transmission 
and save the computing cost of the controller while ensuring 
the desired control performance [26]. Recently, the problem 
of event-triggered Fault Estimation for networked control 
systems was investigated in [9, 27, 28]. The authors in [28] 
proposed an approach for the problem of the Fault Estima-
tion control for networked systems through an integral-based 
event-triggered mechanism. In [27], the authors studied the 
event-triggered Fault Estimation problem and consensus con-
trol for time-delayed multi-agent systems subject to Markov 
switching topologies.

It is also worth noting that in the aforementioned works, 
the employed observers are constructed in all agents, while 
it is not possible to assemble an observer in all agents of a 
networked system. Meanwhile, there sometimes may be a 
situation in real engineering systems, in which it is necessary 
to construct the observer in only some agents instead of all 
agents to reduce the cost. Such approaches are reported in 
[29]. However, the proposed observers do not consider the 
constrained communication resources during exchanging in-
formation between agents in these works. Therefore, we are 
motivated to propose an event-triggered Fault Estimation ob-
server in a more straightforward way that each agent would 
be able to estimate the fault and the states at the same time, 
both within itself and in its neighbors.  

Based on the above observations, this paper is allocated 
to present a novel distributed Fault Estimation with an event-
triggered communication scheme for linear multi-agent sys-
tems. The main contributions of this paper can be highlight-
ed as follows:

 (1) A distributed robust Fault Estimation observer with 
an event-triggered strategy for linear multi-agent systems is 
proposed, where each agent, based on a predefined communi-
cation graph, can simultaneously estimate the occurred faults 
and state within itself and in its neighbors. In this approach, 
unlike the existing methods of fault/state estimation with an 
event-triggered mechanism for multi-agent systems, observ-
ers can be constructed in some specific agents, instead of each 
agent, to estimate all possible faults in the whole system.

(2) Sufficient conditions were presented in the form of 
LMIs to guarantee the derived observer utilizing Lyapunov 
function, where the parameters of the event-triggered mech-

anism and observer can be computed by solving the estab-
lished LMIs. 

The rest of this work proceeds as follows: In section 2, 
the necessary background materials are called from literature. 
The problem of distributed Fault Estimation observer sub-
ject to an event-triggered communication scheme for linear 
multi-agent systems is modeled in Section 3. Subsequently, 
the proposed observer is presented. Next, the stability of the 
proposed observer in the framework of the H ∞  problem is 
analyzed. In Section 4, simulation results are provided to ver-
ify the efficiency of the introduced approach. Ultimately, the 
conclusion is presented in section 5. 

Notations: The notations employed in this paper are stan-
dard. The Kronecker product between matrices B  and A  is 
described by B A⊗ . 
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 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

(1)

where ( ) n
ix t ∈  is the state vector which should be es-

timated; ( ) ( ),m f
i iu t f t∈ ∈   and ( ) w

i tω ∈  represent 
the control signal, the actuator fault, and the external distur-
bance, respectively. Additionally, ( ) p

iy t ∈  denotes the sys-
tem output vector of the i -th agent. Here, we assumed that 

( ) 2i t Lω ∈ , and fault signal differentiable and its derivative 
are also bounded. Matrices , , ,A B F D , and C  are all known 
constant matrices with appropriate dimensions. In system (1), 
we also assumed that rank ( )rank C p= .

In this paper, we consider an output-based control input, 
as follows: 

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

(2)
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here, K  is a weighted constant matrix with an appropriate 
dimension. 

In the problem of multi-agent systems, each agent usu-
ally transfers its measurement output to its neighbors through 
a communication network at each time step. This inevitably 
leads the networked system to encounter the wastage of com-
munication bandwidth. Therefore, to save energy consump-
tion and reduce the communication bandwidth, the event-
trigger mechanism should be implemented in these systems. 
Each agent i  sends ( )i ky t  to the event-trigger scheduler; 
then, it is transmitted to its neighbors only when the follow-
ing condition is satisfied: 

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

(3)

where 

Consider a multi-agent network composed of Λ agents whose information communication is 

modeled by an undirected graph Ξ(𝑉𝑉, 𝐸𝐸, ℑ) with 𝑉𝑉 = {1,… , Λ} representing the set of nodes, and 

𝐸𝐸 ⊆ 𝑉𝑉 × 𝑉𝑉 describing the set of arcs. For agent 𝑖𝑖, the set of all its neighbors is described by 𝑁𝑁𝑖𝑖 =
{𝑗𝑗|(𝑖𝑖, 𝑗𝑗) ∈ 𝐸𝐸}. The adjacency matrix of the graph Ξ(𝑉𝑉, 𝐸𝐸) is represented by ℑ, which is a Λ × Λ 

matrix.  

 

3. Problem Formulation 

We assumed that there is a multi-agent networked system consisting of Λ agents, where the 

dynamic of the 𝑖𝑖-th agent is governed by  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

where 𝑥𝑥𝑖𝑖(𝑡𝑡) ∈ ℝ𝑛𝑛 is the state vector which should be estimated; 𝑢𝑢𝑖𝑖(𝑡𝑡) ∈ ℝ𝑚𝑚, 𝑓𝑓𝑖𝑖(𝑡𝑡) ∈ ℝ𝑓𝑓 and 

𝜔𝜔𝑖𝑖(𝑡𝑡) ∈ ℝ𝑤𝑤 represent the control signal, the actuator fault, and the external disturbance, 

respectively. Additionally, 𝑦𝑦𝑖𝑖(𝑡𝑡) ∈ ℝ𝑝𝑝 denotes the system output vector of the 𝑖𝑖-th agent. Here, 

we assumed that 𝜔𝜔𝑖𝑖(𝑡𝑡) ∈ 𝐿𝐿2, and fault signal differentiable and its derivative are also bounded. 

Matrices 𝐴𝐴, 𝐵𝐵, 𝐹𝐹, 𝐷𝐷, and 𝐶𝐶 are all known constant matrices with appropriate dimensions. In system 

(1), we also assumed that rank 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝐶𝐶) = 𝑝𝑝. 

In this paper, we consider an output-based control input, as follows:  

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 𝑖𝑖 = 1,2, . . . , Λ (2) 

here, 𝐾𝐾 is a weighted constant matrix with an appropriate dimension.  

In the problem of multi-agent systems, each agent usually transfers its measurement output to its 

neighbors through a communication network at each time step. This inevitably leads the networked 

system to encounter the wastage of communication bandwidth. Therefore, to save energy 

consumption and reduce the communication bandwidth, the event-trigger mechanism should be 

implemented in these systems. Each agent 𝑖𝑖 sends 𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) to the event-trigger scheduler; then, it is 

transmitted to its neighbors only when the following condition is satisfied:  

 𝑡𝑡𝑘𝑘+1 = inf{𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

where 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑖𝑖(𝑡𝑡),0 < 𝛿𝛿 < 1, Ω𝑖𝑖 > 0 are event-triggering parameters.   are 
event-triggering parameters. 

Before getting the main results, the following Lemma is 
needed.  

Lemma 1 (Schur Complements) [7]: For given matrices 
X,   Y , and R  with appropriate dimensions, 

where T TX X ,   Y Y= = , the following inequalities are 
equivalent:

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

2- Each of the following holds:

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

4- Main Results
Here, at first the designing procedure of the proposed ob-

server for each agent i  with consideration of its neighbors 
is formulated over a communication graph. Finally, sufficient 
conditions in the form of LMIs are obtained in order to guar-
antee the stability of the proposed distributed fault/state esti-
mation observer with the event-triggered communication. To 
formulate the dynamic of each agent i  based on its neighbor 
agents, system (1) is rewritten as follows: 

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

(4)

Here:

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

 And: 

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

and according to the control input (2) ,and taking the 
concept of the event-triggering (3), one can have: 

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

‖𝑧𝑧(𝑖𝑖)‖𝑇𝑇𝑓𝑓
= ∫𝑇𝑇𝑓𝑓

0 (𝑧𝑧(𝑖𝑖)
𝑇𝑇 (𝑡𝑡)𝑧𝑧(𝑖𝑖)(𝑡𝑡)𝑑𝑑𝑑𝑑)1/2.  

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑓𝑓𝑖𝑖(𝑡𝑡) + 

𝐷𝐷𝜔𝜔𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑥𝑥𝑖𝑖(𝑡𝑡), (1) 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = 𝐾𝐾 ∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑦𝑦𝑗𝑗(𝑡𝑡)), 

                                                𝑖𝑖 = 1,2, . . . , Λ                                              (2) 

 𝑡𝑡𝑘𝑘+1 = inf {𝑡𝑡 > 𝑡𝑡𝑘𝑘|𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝑒𝑒𝑦𝑦𝑖𝑖

𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) ≤ 0}, (3) 

1- [𝑋𝑋 𝑅𝑅
∗ 𝑌𝑌] < 0.  

       (i)    𝑌𝑌 < 0, and 𝑋𝑋 − 𝑅𝑅𝑌𝑌−1𝑅𝑅𝑇𝑇 < 0. 

       (ii)    𝑋𝑋 < 0, and 𝑌𝑌 − 𝑅𝑅𝑇𝑇𝑋𝑋−1𝑅𝑅 < 0.   

  

 𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 

                  𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡), (4) 

 𝑥𝑥𝑖𝑖(𝑡𝑡) = [𝑥𝑥𝑖𝑖1
𝑇𝑇 (𝑡𝑡), 𝑥𝑥𝑖𝑖2

𝑇𝑇 (𝑡𝑡), … , 𝑥𝑥𝑖𝑖|𝑁̅𝑁𝑖𝑖|
𝑇𝑇 (𝑡𝑡)]𝑇𝑇, 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = [
𝑢𝑢𝑖𝑖1(𝑡𝑡)
𝑢𝑢𝑖𝑖2(𝑡𝑡)

⋮
𝑢𝑢𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑓𝑓𝑖𝑖(𝑡𝑡) = [
𝑓𝑓𝑖𝑖1(𝑡𝑡)
𝑓𝑓𝑖𝑖2(𝑡𝑡)

⋮
𝑓𝑓𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

 𝑊𝑊𝑖𝑖(𝑡𝑡) = [
𝜔𝜔𝑖𝑖1(𝑡𝑡)
𝜔𝜔𝑖𝑖2(𝑡𝑡)

⋮
𝜔𝜔𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

] , 𝑦𝑦𝑖𝑖(𝑡𝑡) = [
𝑦𝑦𝑖𝑖1(𝑡𝑡)
𝑦𝑦𝑖𝑖2(𝑡𝑡)

⋮
𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|(𝑡𝑡)

], 

𝐴𝐴𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐴𝐴,𝐵𝐵𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐵𝐵, 

 𝐹𝐹𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐹𝐹,𝐷𝐷𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐷𝐷, 𝐶𝐶𝑖𝑖 = 𝐼𝐼|𝑁̅𝑁𝑖𝑖| ⊗ 𝐶𝐶. 

 𝑢𝑢𝑖𝑖(𝑡𝑡) = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ([∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖1𝑗𝑗, ∑Λ

𝑗𝑗=1 𝑎𝑎𝑖𝑖2𝑗𝑗, … ,∑Λ
𝑗𝑗=1 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑗𝑗

]) ⊗ 𝐾𝐾) ×

                                                                      

(

 
 

[
 
 
 
 𝑦𝑦𝑖𝑖1(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)

𝑦𝑦𝑖𝑖2(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)
⋮

𝑦𝑦𝑖𝑖|𝑁̅𝑁𝑖𝑖|
(𝑡𝑡𝑘𝑘) − 𝑦𝑦𝑗𝑗(𝑡𝑡𝑘𝑘)]

 
 
 
 

)

 
 , (5) 

(5)

where iN  stands for neighbors of agent i . In other words, 
agent i  and its neighbors are described as 1 2, ,...,

iNi i i , 
wherein 1i i= . 

In the following, a distributed observer is proposed 
which each agent i  is able to estimate states and fault 
signals. The input signal of the Fault Estimation observ-
er is rewritten by the event-triggered mechanism (i.e., 

( ) ( ) [ )1,  ,i i
k k ky t y t t t t +→ ∈ ).

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(6)

in which: 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(7)

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(8)
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Here, ( )ˆ ix t  is the estimations of ( )ix t . 1
iL , 2

iL , 1
iE , and 

2
iE  are observer gain matrices which will be obtained later. 

For each agent i , Γ i1  and Γ i2 are devoted as the weight out-
put estimation of neighbors and the agent itself, respectively.

Remark: There are considerable fault/state estimation ap-
proaches in the literature for multi-agent systems, especially 
for interconnect systems, where it is needed to construct the 
observer in each agent to estimate all possible faults in the 
whole system [13-15, 30-33]. Additionally, in the works [16-
18], the main goal of these works is to study the Fault Esti-
mation problem for multi-agent systems, where each agent is 
only capable of estimating its own possible fault. To monitor 
the possible faults in networked systems considered in these 
works, observers would have to be installed in each agent.  
To the best of our knowledge, the work in which the distrib-
uted fault/state estimation observer with an event-triggered 
communication mechanism in each agent could be able to 
estimate the states and faults simultaneously both within it-
self and in its neighbors for linear multi-agent systems was 
not found to mention. In Equation (6), two design parameters 
are embedded to consider only the neighbors of each i  (i.e., 

i i
2 2L ,E ). It must be noted that the main contribution of this ap-

proach lies in the structure of the proposed observer for multi-
agent systems. This observer has a straightforward structure 
and also is able to estimate the possible fault within itself and 
in its neighbors. However, a straightforward event-triggered 
mechanism has just been used to reduce the computing cost 
in exchanging data as much as possible. 

Due to Eqs. (6) and (3), obtaining the gain matrices of the 
state, Fault Estimation, and the event-triggered mechanism 
is needed to construct the proposed observer. We define the 
following variables:

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(9)

The following augmented system is obtained using the 
above variables: 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(10)

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(11)

According to (10) and (11), we have: 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(12)

 Where:

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

 Then we can redescribe equation (12) in a straightfor-
ward form: 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(13)

 Where:

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(14)

In the presented approach, we have derived a distributed 
Fault Estimation observer (6) with an event-triggered com-
munication mechanism. In this way, a sufficient condition is 
assigned to guarantee the stability and H∞  performance of 
the system (13). The provided results are presented in the fol-
lowing theorem. 

Theorem 1: Assume that 0<δ<1, the dynamic system (13) 
for each agent i  is exponentially stable with an H∞  level λ 
, that is, (i) for ( ) ( )iW t 0= , the system (13) is asymptotically 
stable:

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(15)

(ii) for all non-zero ( ) ( ) [ )i
2W t l 0,∞∈ , the system (13) has 

an H∞  level λ :

𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) 

(16)

if there are positive definite matrices iP , Ωi matrices 
i i
1 2R ,   R , and a positive scalar λ  such that the following LMI 

is feasible: 
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𝑥̇𝑥𝑖𝑖(𝑡𝑡) = 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝐵𝐵𝑖𝑖𝑢𝑢𝑖𝑖(𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡) + 𝐿𝐿1
𝑖𝑖 Δ1

𝑖𝑖 (𝑡𝑡) + 𝐿𝐿2
𝑖𝑖 Δ2

𝑖𝑖 (𝑡𝑡), 

𝑓𝑓̇𝑖𝑖(𝑡𝑡) = 𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) + 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖 (𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝑦̂𝑦𝑖𝑖(𝑡𝑡)) ,  

𝑦̂𝑦𝑖𝑖(𝑡𝑡) = 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) 

(6) 

 

Γ1
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {𝑎𝑎𝑖𝑖1𝑖𝑖, 𝑎𝑎𝑖𝑖2𝑖𝑖, … , 𝑎𝑎𝑖𝑖|𝑁̅𝑁𝑖𝑖|𝑖𝑖}) ⊗ 𝐼𝐼𝑝𝑝, Δ1

𝑖𝑖 (𝑡𝑡) = Γ1
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (7) 

 Γ2
𝑖𝑖 = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 {∑

 |𝑁̅𝑁𝑖𝑖|
𝑘𝑘=1 𝑎𝑎𝑖𝑖𝑘𝑘𝑖𝑖, … }) ⊗ 𝐼𝐼𝑝𝑝, Δ2

𝑖𝑖 (𝑡𝑡) = Γ2
𝑖𝑖(𝑦𝑦𝑖𝑖(𝑡𝑡𝑘𝑘) − 𝐶𝐶𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡)), (8) 

 𝜉𝜉𝑖𝑖(𝑡𝑡) = [(𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡))𝑇𝑇 (𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡))𝑇𝑇]𝑇𝑇, 𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝑥𝑥𝑖𝑖(𝑡𝑡) − 𝑥𝑥𝑖𝑖(𝑡𝑡), 𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) = 𝑓𝑓𝑖𝑖(𝑡𝑡) − 𝑓𝑓𝑖𝑖(𝑡𝑡), (9) 

𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) = (𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖)𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + 𝐹𝐹𝑖𝑖𝑧𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) + 𝐷𝐷𝑖𝑖𝑊𝑊𝑖𝑖(𝑡𝑡) + (−𝐿𝐿1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐿𝐿2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (10) 

 𝑧̇𝑧𝑓𝑓
𝑖𝑖 (𝑡𝑡) = 𝑓𝑓̇𝑖𝑖(𝑡𝑡) − 𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖𝐶𝐶𝑖𝑖𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡) + (−𝐸𝐸1

𝑖𝑖 Γ1
𝑖𝑖 − 𝐸𝐸2

𝑖𝑖 Γ2
𝑖𝑖)𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (11) 

 [𝑋𝑋𝑧̇𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧̇𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡) ] =  [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 ∗ 0 ] [𝑧𝑧𝑥𝑥𝑖𝑖 (𝑡𝑡)
𝑧𝑧𝑓𝑓

𝑖𝑖 (𝑡𝑡)]  + [𝐷𝐷𝑖𝑖 0
0 𝐼𝐼 ] [𝑊𝑊𝑖𝑖(𝑡𝑡)

𝑓𝑓̇𝑖𝑖(𝑡𝑡) ] +

                                               [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (12) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

 𝜉𝜉(𝑖𝑖)(𝑡𝑡) = 𝐴𝐴1
(𝑖𝑖)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡), (13) 

𝐴𝐴1
(𝑖𝑖) = [ Ω1 𝐹𝐹𝑖𝑖

−𝐸𝐸1
𝑖𝑖Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0 ] , 𝐸𝐸𝑦𝑦𝑖𝑖 = [−𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖

−𝐸𝐸1
𝑖𝑖 Γ1

𝑖𝑖 − 𝐸𝐸2
𝑖𝑖 Γ2

𝑖𝑖] , 𝐷𝐷1
(𝑖𝑖) = [𝐷𝐷𝑖𝑖 0

0 𝐼𝐼 ],    

                 𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) = [𝑊𝑊𝑖𝑖(𝑡𝑡)
𝑓𝑓̇𝑖𝑖(𝑡𝑡) ]. (14) 

Ω1 = 𝐴𝐴𝑖𝑖 − 𝐿𝐿1
𝑖𝑖 Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 − 𝐿𝐿2
𝑖𝑖 Γ2

𝑖𝑖𝐶𝐶𝑖𝑖. 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝜉𝜉(𝑖𝑖)(𝑡𝑡)
𝑡𝑡→∞

 = 0. (15) 

 ‖𝜉𝜉(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓
< √𝜆𝜆 ‖𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)‖𝑇𝑇𝑓𝑓

, 𝜆𝜆 > 0, (16) 

 𝛱𝛱 = [
𝛱𝛱11 𝛱𝛱12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ 𝛱𝛱22 0
∗ ∗ −𝜆𝜆𝜆𝜆

] < 0, (17) (17)

Where:  

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

Thus, the Fault Estimation observer parameters gains are 
given by i 1 i

1 i 1L P R−= , i 1 i
2 i 2L P R−= .   

Proof: According to the system (13), we consider the fol-
lowing Lyapunov function candidate [34] for i-th agent, as 
follows:

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(18)

where iP  is a positive definite matrix.
The time derivative of (18) with the help of (13) is given 

by: 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(19)

Considering the case of ( ) 0iW = , from the event-triggered 
(3), we can add the term δ yi

T (t)Ωi yi-e
 T

yi (t)Ωi eyi (t)≤0  to 
(19):

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(20)

 Using Lemma 2.2, from (20) we can have the following 
LMI: 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(21)

with ,  0i
iC C =  
 , when Φi<0  in (21), one has ( ) 0iV t < , 

and specifying the error dynamics is asymptotically stable. In 
other words, it implies that (15) is satisfied. 

Now, we assume the case that ( ) 0iW ≠ :

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(22)

 By utilizing (19) and (22), we have: 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(23)

Now using (20), (23) can be rewritten as the following 
form: 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(24)

Where: 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(25)

Also, under zero initial condition ( ) ( )0 0iξ = , we have: 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

(26)

Recalling the form of ( )
1

iA  in (13), the following LMI 
can be obtained based on (25): 

 

 𝐴̅𝐴1 = [𝐴𝐴𝑖𝑖 𝐹𝐹𝑖𝑖

0 0 ], 

 𝛱𝛱11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑅𝑅1
𝑖𝑖 [𝛤𝛤1

𝑖𝑖𝐶𝐶𝑖𝑖 0] −𝑅𝑅2
𝑖𝑖 [𝛤𝛤2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇𝛺𝛺𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, 

 𝛱𝛱12 = −𝑅𝑅1
𝑖𝑖 𝛤𝛤1

𝑖𝑖 − 𝑅𝑅2
𝑖𝑖 𝛤𝛤2

𝑖𝑖, 𝛱𝛱22 = −𝛺𝛺𝑖𝑖𝐼𝐼, 

 𝑉𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑡𝑡), (18) 

 𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖 × 𝐷𝐷1
(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                                                2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (19) 

 

𝑉̇𝑉𝑖𝑖(𝑡𝑡) = 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡) (𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇) 𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) + 𝛿𝛿𝑦𝑦𝑖𝑖
𝑇𝑇(𝑡𝑡)Ω𝑖𝑖𝑦𝑦𝑖𝑖 −

                                                𝑒𝑒𝑦𝑦𝑖𝑖
𝑇𝑇 (𝑡𝑡)Ω𝑖𝑖𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡). (20) 

 Φ𝑖𝑖 = [𝑃𝑃𝑖𝑖𝐴𝐴1
(𝑖𝑖) + 𝐴𝐴1

(𝑖𝑖)𝑇𝑇
𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖

0 −Ω𝑖𝑖𝐼𝐼
], (21) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 (𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆(𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑, (22) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

 

Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) (27)
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Where:

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

(28)

Now, using the variables such as 1
1

1

i
i

i

L
L

E
 

=  
 

, 
2

2
2

i
i

i

L
L

E
 

=  
 

 
and 1 1

i i
iR P L=  , 2 2

i i
iR P L= , LMI (17) is obtained. Π ̅in term 

of (17), and from (24) and (26), one has 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

Now using (20), (23) can be rewritten as the following form:  

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

Where:  

 Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

Also, under zero initial condition 𝜉𝜉(𝑖𝑖)(0) = 0, we have:  

 ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

Recalling the form of 𝐴𝐴1
(𝑖𝑖) in (13), the following LMI can be obtained based on (25):  

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

Where: 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖 ] Γ1

𝑖𝑖 − 𝑃𝑃𝑖𝑖 [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

Now, using the variables such as 𝐿̅𝐿1
𝑖𝑖 = [𝐿𝐿1

𝑖𝑖

𝐸𝐸1
𝑖𝑖 ], 𝐿̅𝐿2

𝑖𝑖 = [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] and 𝑅𝑅1

𝑖𝑖 = 𝑃𝑃𝑖𝑖𝐿̅𝐿1
𝑖𝑖  , 𝑅𝑅2

𝑖𝑖 = 𝑃𝑃𝑖𝑖𝐿̅𝐿2
𝑖𝑖 , LMI (17) is 

obtained. Π̅ in term of (17), and from (24) and (26), one has Υ̅𝑖𝑖 < 0, which indicates ‖𝑒𝑒(𝑖𝑖)‖𝑇𝑇𝑓𝑓
≤

√𝜆̅𝜆‖𝑣𝑣(𝑖𝑖)‖𝑇𝑇𝑓𝑓
. It completes the proof. So far the observer and controller gains have been obtained in 

a straightforward way that satisfies the requirements (i) and (ii) in Theorem 1. Due to the ultimate 

 , which indi-
cates 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

Now using (20), (23) can be rewritten as the following form:  

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

Where:  

 Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

Also, under zero initial condition 𝜉𝜉(𝑖𝑖)(0) = 0, we have:  

 ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

Recalling the form of 𝐴𝐴1
(𝑖𝑖) in (13), the following LMI can be obtained based on (25):  

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

Where: 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖 ] Γ1

𝑖𝑖 − 𝑃𝑃𝑖𝑖 [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

Now, using the variables such as 𝐿̅𝐿1
𝑖𝑖 = [𝐿𝐿1

𝑖𝑖

𝐸𝐸1
𝑖𝑖 ], 𝐿̅𝐿2

𝑖𝑖 = [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] and 𝑅𝑅1

𝑖𝑖 = 𝑃𝑃𝑖𝑖𝐿̅𝐿1
𝑖𝑖  , 𝑅𝑅2

𝑖𝑖 = 𝑃𝑃𝑖𝑖𝐿̅𝐿2
𝑖𝑖 , LMI (17) is 

obtained. Π̅ in term of (17), and from (24) and (26), one has Υ̅𝑖𝑖 < 0, which indicates ‖𝑒𝑒(𝑖𝑖)‖𝑇𝑇𝑓𝑓
≤

√𝜆̅𝜆‖𝑣𝑣(𝑖𝑖)‖𝑇𝑇𝑓𝑓
. It completes the proof. So far the observer and controller gains have been obtained in 

a straightforward way that satisfies the requirements (i) and (ii) in Theorem 1. Due to the ultimate 

 

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 ((𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇𝜉𝜉(𝑖𝑖)(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) + 𝑉̇𝑉𝑖𝑖(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓

0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 =

                            ∫𝑇𝑇𝑓𝑓
0 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)(𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + 𝐴𝐴1
(𝑖𝑖)𝑇𝑇

𝑃𝑃𝑖𝑖
𝑇𝑇)𝜉𝜉(𝑖𝑖)(𝑡𝑡) + 2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡) +

                              2𝜉𝜉(𝑖𝑖)𝑇𝑇(𝑡𝑡)𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑒𝑒𝑦𝑦𝑖𝑖(𝑡𝑡) − 𝜆𝜆𝑊̅𝑊(𝑖𝑖)(𝑡𝑡)𝑊̅𝑊(𝑖𝑖)(𝑡𝑡))𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑. (23) 

Now using (20), (23) can be rewritten as the following form:  

 Υ̅𝑖𝑖 = ∫𝑇𝑇𝑓𝑓
0 [(𝜉𝜉(𝑖𝑖)(𝑡𝑡))𝑇𝑇 (𝑊̅𝑊(𝑖𝑖))𝑇𝑇]Ξ̅ [𝜉𝜉(𝑖𝑖)(𝑡𝑡)

𝑊̅𝑊(𝑖𝑖) ] 𝑑𝑑𝑑𝑑 − ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 (24) 

Where:  

 Ξ̅ = [
𝑃𝑃𝑖𝑖𝐴𝐴1

(𝑖𝑖) + (𝐴𝐴1
(𝑖𝑖))𝑇𝑇𝑃𝑃𝑖𝑖

𝑇𝑇 + 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼 𝑃𝑃𝑖𝑖𝐸𝐸𝑦𝑦𝑖𝑖 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (25) 

Also, under zero initial condition 𝜉𝜉(𝑖𝑖)(0) = 0, we have:  

 ∫𝑇𝑇𝑓𝑓
0 𝑉̇𝑉𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑 = (𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(𝑇𝑇𝑓𝑓) − (𝜉𝜉(𝑖𝑖)(0))𝑇𝑇𝑃𝑃𝑖𝑖𝜉𝜉(𝑖𝑖)(0) = 𝑉𝑉𝑖𝑖(𝑇𝑇𝑓𝑓) > 0. (26) 

Recalling the form of 𝐴𝐴1
(𝑖𝑖) in (13), the following LMI can be obtained based on (25):  

 Φ = [
Φ11 Φ12 𝑃𝑃𝑖𝑖𝐷𝐷1

(𝑖𝑖)

∗ −Ω𝑖𝑖𝐼𝐼 0
∗ ∗ −𝜆𝜆𝜆𝜆

], (27) 

Where: 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1

𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠

+ 𝛿𝛿𝐶̃𝐶𝑖𝑖
𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖 ] Γ1

𝑖𝑖 − 𝑃𝑃𝑖𝑖 [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

Now, using the variables such as 𝐿̅𝐿1
𝑖𝑖 = [𝐿𝐿1

𝑖𝑖

𝐸𝐸1
𝑖𝑖 ], 𝐿̅𝐿2

𝑖𝑖 = [𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] and 𝑅𝑅1

𝑖𝑖 = 𝑃𝑃𝑖𝑖𝐿̅𝐿1
𝑖𝑖  , 𝑅𝑅2

𝑖𝑖 = 𝑃𝑃𝑖𝑖𝐿̅𝐿2
𝑖𝑖 , LMI (17) is 

obtained. Π̅ in term of (17), and from (24) and (26), one has Υ̅𝑖𝑖 < 0, which indicates ‖𝑒𝑒(𝑖𝑖)‖𝑇𝑇𝑓𝑓
≤

√𝜆̅𝜆‖𝑣𝑣(𝑖𝑖)‖𝑇𝑇𝑓𝑓
. It completes the proof. So far the observer and controller gains have been obtained in 

a straightforward way that satisfies the requirements (i) and (ii) in Theorem 1. Due to the ultimate 

It completes the proof. So far the 
observer and controller gains have been obtained in a straight-
forward way that satisfies the requirements (i) and (ii) in 
Theorem 1. Due to the ultimate results which are in the form 
of LMIs, the consequences of Theorem 1 offer the follow-
ing optimization problem that is a routine problem to control 
engineers.  The optimal H ∞  control problem, where λ  is a 
bound of the norm 2l  ,i for all nonzero ( ) ( ) [ )2 0,iW t l∈ ∞ : 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

( )               16subject to

4- 1- Numerical Simulation
In this section, a practical example is employed to verify 

the validity and practicality of the introduced approach. In 
this example, the network of the F-404 aircraft engine system 
is considered, where the model of each aircraft engine system 
is borrowed from [24]. Afterwards, we have the following 
parameters for each agent: 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

These matrices stand for constructing system (1). Agents 
exchange data with one another according to the considered 
communication topology in Fig. 1. 

According to the communication topology, the associ-
ated adjacency matrix can be described by: 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

We assume that the faults occur in the considered network 
for each agent as follows: 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
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0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
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0

] , 𝐷𝐷 = [
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1.5
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] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

 Φ11 = [𝑃𝑃𝑖𝑖𝐴̅𝐴1 − 𝑃𝑃𝑖𝑖 [𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] [Γ1𝑖𝑖𝐶𝐶𝑖𝑖 0] − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] [Γ2

𝑖𝑖𝐶𝐶𝑖𝑖 0]]
𝑠𝑠
+ 𝛿𝛿𝐶̃𝐶𝑖𝑖

𝑇𝑇Ω𝑖𝑖𝐶̃𝐶𝑖𝑖 + 𝐼𝐼, Φ12 =

                                             −𝑃𝑃𝑖𝑖 [
𝐿𝐿1
𝑖𝑖

𝐸𝐸1
𝑖𝑖] Γ1𝑖𝑖 − 𝑃𝑃𝑖𝑖 [

𝐿𝐿2
𝑖𝑖

𝐸𝐸2
𝑖𝑖 ] Γ2

𝑖𝑖. (28) 

 min     𝜆𝜆
𝑃𝑃𝑖𝑖>0,Ω𝑖𝑖>0,𝑅𝑅1

𝑖𝑖 ,𝑅𝑅2
𝑖𝑖 ,
  

 

 

 𝐴𝐴 = [
−1.46 0 2.428
0.1643 −0.4 −0.378
0.3107 0 −2.231

] , 𝐵𝐵 = [
0.11 0
0.14 −0.4
0.1 0

] 

 𝐹𝐹 = [
0

−0.2
0

] , 𝐷𝐷 = [
0.5
1.5
1

] , 𝐶𝐶 = [
−0.1 0 1
0.15 −2 −0.1
0.1 0.2 0.1

]. 

 

 ℑ =

[
 
 
 
 0 1 0 0 0
1 0 0 0 0
0 1 0 1 1
0 0 1 0 0
0 0 1 0 0]

 
 
 
 
. 

 𝑓𝑓1(𝑡𝑡) = {0.5 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 10𝑠𝑠;
−1 10𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; , 𝑓𝑓2(𝑡𝑡) = {

0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
1.5 5𝑠𝑠 < 𝑡𝑡 ≤ 10𝑠𝑠;

−1.5 10𝑠𝑠 < 𝑡𝑡 ≤ 15𝑠𝑠;
1.5 15𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠;

, 𝑓𝑓3(𝑡𝑡) = 0,

𝑓𝑓4(𝑡𝑡) =                                    {
0 0𝑠𝑠 ≤ 𝑡𝑡 < 9𝑠𝑠;

1.5 9𝑠𝑠 ≤ 𝑡𝑡 < 15𝑠𝑠;
−0.5 15𝑠𝑠 ≤ 𝑡𝑡 ≤ 30𝑠𝑠;

   𝑓𝑓5(𝑡𝑡) = { 0 0𝑠𝑠 ≤ 𝑡𝑡 ≤ 5𝑠𝑠;
−1 5𝑠𝑠 < 𝑡𝑡 ≤ 30𝑠𝑠; (29) 

 𝐿𝐿1
1 =

[
 
 
 
 
 −0.0009 0.0288 0.2836 0.0001 −0.0000 −0.0023

0.0579 0.0671 0.0576 −0.0001 −0.0011 −0.0168
0.0209 0.0048 0.0463 −0.0000 −0.0003 −0.0036

−0.0008 0.0048 0.0001 −0.1117 2.8295 28.3055
−0.0320 0.0141 0.0044 −1.4366 −3.8310 6.1072
−0.0008 0.0004 0.0001 2.0870 0.4629 4.6026 ]

 
 
 
 
 

, 

 𝐸𝐸1
1 = [−0.7635 −0.92961 0.262 0.0021 0.0130 0.182

0.3662 −0.1611 −0.0506 6.3614 23.9162 −30.1539], 

 𝐿𝐿2
1 =

[
 
 
 
 
 −0.1122 2.8354 28.3771 −0.0001 −0.0006 −0.0000
−1.4294 −3.7906 6.5614 0.0050 −0.0110 −0.0020
2.0841 0.4618 4.6342 −0.0001 −0.0006 −0.0000

−0.0002 −0.0003 −0.0033 −0.0027 0.0170 0.2833
0.0002 −0.0013 −0.0155 −0.0904 −0.5034 0.0552

−0.0003 −0.0000 −0.0008 0.0189 −0.0073 0.0461 ]
 
 
 
 
 

, 

In (29), we assumed that the fault in agent 3 is zero in 
order to examine the effectiveness of the proposed method 
to consider the different cases in which the fault may or may 
not occur. Due to space limitations, the required parameters 
to construct an observer in agent 1 are only provided here. 
To solve this problem numerically, one of the best tools is 
theMOSEK solver in the MATLAB TOOLBOX YALMIP. 
By applying Theorem 1, the corresponding event-triggered 
mechanism and observer gains for agent 1 can be extracted 
as: 
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Fig. 1. The communication topology among five agents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The communication topology among five agents.
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We take the external disturbance ( ) ( ) 30.2sin 4 t
i t t eω π −=  

for [ ]0,30t ∈ . Here, to demonstrate the performance of the 
above observer gains, the simulation results of the distributed 
Fault Estimation and the event-triggered mechanism are il-
lustrated in the following Figures. The simulation results are 
established over a sample time 0.1s . For agent 1, the simula-
tion results are demonstrated in Fig. 2. 

It can be seen from figure 1 that agent 1 estimates the oc-
curred fault within itself and in its neighbors.  The simulation 
results to investigate the efficiency of the proposed approach 
for agent 2 can be seen in Fig. 3. 

Fig. 4 depicts the effects of the event-trigger mechanism, 
the results of event-triggered times in this agent show that the 
executions of date are needed to exchange. 

Based on the discussion in section 4, each agent should be 
able to estimate the possible fault within itself and its neigh-
bors by considering the event-triggered communication. Ac-
cording to the communication graph in Fig. 1, agent 2 should 
estimate the possible fault in this agent and its neighbors (i.e., 
agent 2 and agent 3). This goal is met in Fig. 3. The simula-
tion results for agents 3, 4, and 5 can be seen in Figs. 5-8.  

Note that in the introduction, we discussed the case in 
which it is necessary to install the observer in only some 
agents instead of all agents to reduce the cost of implementing 
observers or controllers. Therefore, to validate the proposed 
approach in this direction, based on the communication graph 
in Fig. 1, the observers constructed in agents 1 and 3 should 
be able to estimate the occurred faults in agents 1, 2, 3, 4, and 
5. According to Figs. 2 and 5, we can achieve the mentioned 
goal by implementing the proposed approach. According to 
(29), where the fault in agent 3 is 0 , the Fault Estimation of 
agent 3 by agent 5 is approximate to 0 , which Fig. 8 proves. 
To investigate the effects of the proposed event-triggered 
strategy on the system performance, interevent intervals of 
agents 2, 3, and 5 were illustrated in Figs. 4, 6, and 9. 

 

Fig. 2. The performance of agent 1 in estimating its fault and its neighbors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The performance of agent 1 in estimating its fault and its neighbors
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Fig. 3. The performance of agent 2 in estimating its fault and its neighbors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The performance of agent 2 in estimating its fault and its neighbors.

 

Fig. 4. Interevent intervals of agent 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Interevent intervals of agent 2
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Fig. 5. The performance of agent 3 in estimating its fault and its neighbors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The performance of agent 3 in estimating its fault and its neighbors

 

Fig. 6. Interevent intervals of agent 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Interevent intervals of agent 3
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Fig. 7. The performance of agent 4 in estimating its fault and its neighbors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. The performance of agent 4 in estimating its fault and its neighbors

 

Fig. 8. The performance of agent 5 in estimating its fault and its neighbors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. The performance of agent 5 in estimating its fault and its neighbors
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5- Conclusion
In this paper, a distributed Fault Estimation with an event-

triggered strategy for the networked systems was presented. 
In the presented approach, using H ∞  the performance in-
dex, the influence of the external disturbances are alleviated 
as much as possible. Each agent can estimate the occurred 
fault in this agent and in its neighbors according to a given 
communication topology. These characteristics are evaluated 
by a numerical example in the simulation results section. The 
main results of this paper can be an extension to the follow-
ing issues in order to improve the proposed method for the 
practical systems in future works: (1) Multi-agent systems 
with quantization effects [35, 36]; (2) Communication delays 
and communication link faults [37]; (3) For systems with 
uncertainty and mode reality mismatch. Considering these 
challenges can improve the performance of the proposed ap-
proach for further practical applications. 
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